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Translational arrest of maternal Mos mRNA upon fertilization of Xenopus eggs is a prerequisite for the initiation of
embryonic divisions. Recent studies suggest that an embryo deadenylation element (EDEN) present in the 3 untranslated
region (3UTR) is sufficient for deadenylation (and, hence, probably for translational arrest) of Mos mRNA after fertilization.
By directly monitoring translation of numerous Mos mRNA constructs in Xenopus eggs, however, we show here that the
EDEN is necessary but not sufficient for translational arrest of Mos mRNA. We demonstrate that two AUUUA motifs, each
located solitarily and distantly from the EDEN, are also required for the translational arrest of Mos mRNA after fertilization.
Significantly, translational arrest of Eg2 mRNA, another EDEN-containing maternal mRNA, also requires a single AUUUA
motif located far from the EDEN. Analysis of the poly(A) tails of various Mos mRNA constructs indicates that the EDEN
alone confers only partial deadenylation on Mos mRNA, and that the AUUUA motifs act to enhance EDEN-directed
deadenylation in a position-dependent manner. Finally, introduction of an excess of the EDEN, but not the AUUUA motifs,
into eggs can restore translation of endogenous Mos mRNA. These results suggest that the EDEN, only together with
appropriately positioned AUUUA motifs and a trans-acting factor(s), can efficiently deadenylate and hence translationally
arrest Mos (as well as Eg2) mRNA after fertilization. © 2002 Elsevier Science (USA)
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The earliest stages of animal development generally do
not depend on transcription of genes; rather, regulated
translation of maternally supplied mRNAs support and
direct early development (for a review, see Curtis et al.,
1995). Both global and selective mechanisms are involved
in the translational regulation of maternal mRNAs. Global
control over maternal mRNAs can be achieved through
changes in the activity of the translation machinery (Da-
vidson, 1986). A more selective mechanism of regulation
involves cytoplasmic polyadenylation, or elongation of
poly(A) tails, which allows efficient translation of specific
maternal mRNAs (Wormington, 1993). In many species,
including Xenopus, mouse, and Drosophila, the cytoplas-
mic polydenylation of maternal mRNAs is directed by
specific cis-acting elements, called cytoplasmic polyadenyl-
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156ation elements (CPEs), which are located in the 3 untrans-
lated region (3UTR) of mRNAs, usually near the hex-
anucleotide poly(A) signal (Fox et al., 1989; Huarte et al.,
1992; Salles et al., 1994). In both Xenopus and mouse,
mRNAs harboring a functional CPE become translationally
active during oocyte maturation (Fox et al., 1989; Paris and
Richter, 1990; Huarte et al., 1992).
Although a number of maternal mRNAs become transla-
tionally active after fertilization, some other mRNAs be-
come translationally arrested upon or after fertilization
(see Richter, 1999). In Drosophila, hunchback and bicoid
mRNAs involved in anterior/posterior patterning are trans-
lationally arrested by a complex of the nanos (nos) and
pumilio gene products, the latter of which binds to the nos
responsive element present within the 3UTR of the two
mRNAs (Dearden and Akam, 1999). In Xenopus, members
of the Eg family of maternal mRNAs are adenylated and
translated during oocyte maturation, but are deadenylated
and translationally arrested after fertilization (Paris et al.,
1988; Paris and Philippe, 1990). Among the members, Eg2
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mRNA harbors a 17-nucleotide (nt) sequence rich in U(G/A)
dinucleotides within the 3UTR, which is required for
deadenylation of the mRNA in fertilized eggs or early
embryos (Bouvet et al., 1994). A similar 39-nt sequence rich
in U(G/A) dinucleotides is present in the 3UTR of Eg5
mRNA and has analogous function (Paillard et al., 1998).
The U(G/A) dinucleotide-rich deadenylation element,
named an embryo deadenylation element (EDEN), has been
thought to functionally override the CPE, thereby arresting
translation of Eg mRNAs after fertilization (Audic et al.,
1998; Paillard et al., 1998). The EDEN binds a trans-acting
factor called EDEN-BP, which is required for EDEN-
mediated deadenylation activity (Paillard et al., 1998).
Besides the EDEN, a 50- to 150-nt A/U-rich element
(ARE), which is typically found in the 3UTRs of many
labile mammalian mRNAs and often contains multiple
overlapping AUUUA motifs (see Chen and Shyu, 1995), has
also been implicated in rapid deadenylation or translational
inhibition of certain chimeric mRNAs in Xenopus embryos
(Kruys et al., 1989; Marinx et al., 1994). In the case of the
c-myc II mRNA, a well-conserved AUUUA motif within
the ARE has been shown to be required for the ARE-
mediated deadenylation of a chimeric mRNA after fertili-
zation (Voeltz and Steitz, 1998). However, it is not known
whether ARE or AUUUA motif plays a role in deadenylation
or translational arrest of natural mRNA upon fertilization.
The c-mos proto-oncogene product Mos plays an essen-
tial role in metaphase II arrest of mature Xenopus oocytes
(for a review, see Sagata, 1997), and its down-regulation
upon fertilization is prerequisite for the fertilized egg to
initiate embryonic divisions (Sagata et al., 1989). The down-
regulation of Mos protein upon fertilization is achieved
both by its ubiquitin-dependent degradation (Nishizawa et
al., 1993) and by translational arrest of its mRNA (Sagata et
al., 1988). Like Eg mRNAs, Mos mRNA undergoes CPE-
mediated adenylation and translation during oocyte matu-
ration and is deadenylated and translationally arrested after
fertilization (Sheets et al., 1994, 1995). The 3UTR of Mos
mRNA also contains a 36-nt EDEN sequence, which can
direct a rapid deadenylation of a reporter mRNA in early
embryos (Paillard et al., 1998). Because deadenylation of
mRNAs generally is associated with translational repres-
sion (see Wormington, 1993), EDEN-directed deadenylation
of Mos mRNA could cause a complete shut-down of Mos
translation after fertilization (Paillard et al., 1998). In fact,
however, it is not known whether the EDEN (alone) is
sufficient for translational arrest of Mos (as well as Eg)
mRNA after fertilization.
In this study, to identify a cis element(s) that is crucial for
translational arrest of Mos mRNA, we monitored directly
translation of various Mos mRNA constructs after activa-
tion (or fertilization) of Xenopus eggs. Intriguingly, our
results show that the EDEN is necessary but not sufficient
for translational arrest of Mos mRNA after egg activation.
Detailed analyses show that two AUUUA motifs, each
located in a non-A/U-rich region distantly from the EDEN,
are also required for the translational arrest. Analysis of
poly(A) tails suggests strongly that the EDEN alone confers
only partial deadenylation on Mos mRNA and that the
AUUUA motifs act to enhance the EDEN-directed dead-
enylation in a position-dependent manner. We also show
that a single AUUUA motif, located in a non-A/U-rich
region far from the EDEN, is required for translational
arrest of Eg2 mRNA. These results indicate that both the
EDEN and the appropriately positioned AUUUA motif(s)
are requirements for efficient deadenylation and transla-
tional arrest of Mos and Eg2 mRNAs after fertilization. To
our knowledge, this is the first work to demonstrate that
even a solitary AUUUA motif(s) located in a non-ARE
region plays a role in deadenylation and translational arrest
of a natural mRNA.
MATERIALS AND METHODS
Preparation, Culture, Microinjection, and
Treatment of Oocytes
Stage VI immature ooctyes were prepared, cultured, and micro-
injected as described (Furuno et al., 1994; Nakajo et al., 2000).
Routinely, 450 pg of RNA was microinjected into each oocyte and,
immediately after the injection, the oocytes were treated with
progesterone (5 g/ml; SIGMA) to induce maturation. Fully mature
oocytes (or eggs) after 4 h of GVBD were treated with calcium
ionophore A23187 (1 g/ml; SIGMA) to induce egg activation.
Construction of cDNAs and Recombinant Plasmids
cDNAs and recombinant plasmids used in Figs. 1–6 were con-
structed as follows:
Constructs in Fig. 1. A DNA fragment containing both the
5UTR and the coding region (termed fragment A) of a Xenopus
MoscDNA was isolated by PCR of a Xenopus Mos cDNA clone
(Sagata et al., 1988) by using a 5 primer 5-GTCCCTCCCCC-
AGTAGCGTCGCATT-3 and a NcoI site-containing 3 primer
5-GCCCCATGGTAGACCAGTGCCGAGAGGAGGGGG-3; the
Mos3UTR region (termed fragment B) was separately isolated by
using an NheI site-containing 5 primer 5-GCCGCTAGCTAA-
CGTCCAGAACAGGGAGCCAATCA-3 (the TAA codon being a
stop codon) and an XbaI site-containing 3 primer 5-CGCTCTA-
GAGACAAATCAATTTCTTTATTATAAAACTATATAT-3. To
construct Mos-WT(Myc), the NcoI-cut fragment A was first sub-
cloned into the plasmid vector pT7G (UK) (Uto and Sagata, 2000)
and then four Myc tags (with an NcoI site at the 5 end and an XbaI
site at the 3 end) were further subcloned into the NcoI/XbaI-cut
recombinant plasmid. Finally, the NheI/XbaI-cut fragment B (con-
taining the 3UTR) was subcloned into the XbaI-cut recombinant
plasmid, thus yielding Mos-WT(Myc). Mos-gb5UTR was con-
structed by ligating an SphI–XbaI fragment (containing the Mos
coding region and the 3UTR) of Mos-WT(Myc) to an SphI–XbaI
fragment (containing a globin 5UTR) of the pT7G-Mos plasmid.
Mos-3UTR was constructed by using two PCR-amplified frag-
ments of Mos-WT(Myc) pT7G; the first fragment was obtained by
using 5-GTCGCATTTTACCGGCGCATCCG-3 as a 5 primer
and 5-GCCATCGATGTCCTGTGGCACAGTGCTGATTGGCT-3
as a 3 primer and by digestion with BglII and ClaI; the second
fragment was obtained by using 5-GGCATCGATGTGAATATA-
TAGTTTTATAATAAAGA-3 as a 5 primer and 5-AGCAGA-
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TACGAATGGCTACAT-3 as a 3 primer and by digestion with
XbaI and ClaI. These two fragments were subcloned into the
BglII/XbaI-cut Mos-WT(Myc) pT7G.
Constructs in Fig. 2. All partial deletion mutants (R1 to R7)
were constructed similarly to Mos-3UTR by using appropriate
primers.
Constructs in Fig. 3. ATTTA3AGGTA mutations in M1 to
M5 were made by site-directed mutagenesis as described previously
(Uto and Sagata, 2000). For Mos-Eg23UTR(AU), the Eg2 3UTR
(see Bouvet et al., 1994) was isolated by PCR of an oocyte cDNA
library by using a NheI site-containing 5 primer 5-GCCGCT-
AGCTAAGAAATCTCCTGAGGCTCCGACTC-3 and an XbaI
site-containing 3 primer 5-GGCTCTAGACTTTTTAATCAA-
AGCTTTATTTTAAAAC-3 and then was substituted for the
Mos3UTR in the Mos-WT(Myc) pT7G. For Mos-Eg23UTR(AG),
the single ATTTA motif in the Eg2 3UTR (nt positions 467–471
after the stop codon) was mutated to AGGTA.
Constructs in Fig. 4. For EDEN, the R5 region (or EDEN-R)
having a ClaI site at both ends was isolated by PCR; for AUUUA,
a sequence (N3ATTTAN3)5 containing five tandem nonoverlapping
ATTTA motifs was synthesized as the sequence 5-GCCATCGA-
TGCTAGCGGTACCAGTGATTTAGACTCCATTTAGTCGTC-
ATTTAGAGTTAATTTATATGTAATTTAACTGCTAGCGGT-
ACCATCGATCCG-3 containing a ClaI site at both ends (the
respective ATTTA motifs were surrounded by 3-nt sequences that
were derived from the sequences surrounding, respectively, the five
ATTTA motifs in the natural Mos3UTR; see Sagata et al., 1988);
for AUUUA-EDEN, both the (N3ATTTAN3)5 sequence (containing
ClaI sites) and the EDEN-R (containing a ClaI site at the 5 end and
a NarI site at the 3 end) were prepared; for EDEN-AUUUA, both
the EDEN-R (containing an NarI site at the 5 end and a ClaI site at
the 3 end) and the (N3ATTTAN3)5 sequence (containing ClaI sites)
were prepared. These fragments were inserted either singly (for
EDEN and AUUUA) or in combination (for AUUUA-EDEN and
EDEN-AUUUA) into the ClaI site (between the Myc tag and the
CPE) of Mos-3UTR (which was used in Fig. 1).
Constructs in Fig. 5. For all the constructs, a 90-nt glutathione
S-transferase-derived sequence gst (having a ClaI site at the 5 end
and a NarI site at the 3 end) was first subcloned into the ClaI site
(see above) of Mos-3UTR; then, various 3UTRs (WT, R5,
M12345, EDEN, AUUUA, AUUUA-EDEN, and EDEN-AUUUA,
all lacking a CPE) were inserted individually into the ClaI site
between the Myc and gst tags.
Constructs in Fig. 6. For EDEN and AUUUA, the EDEN-R and
the (N3ATTTAN3)5 sequences (described above for constructs in Fig.
4), respectively, were inserted into the SmaI site (between the 100-nt
globin 5UTR and the 280-nt 3UTR) of pT7G by blunt-end ligation.
In Vitro Transcription
All the constructs [in pT7G(UKII)] encoding proteins were cut
singly at the XbaI site (located just downstream of the polydeny-
lation signal), and those (in pT7G) not encoding proteins (or for
competition experiments) were cut at the AatI site; they were then
in vitro transcribed by using the MEGA Script T7 Kit (Ambion).
Analysis of Poly(A) Length
The length of the poly(A) tail of various mRNA constructs was
determined by ligase-mediated poly(A) test (LM-PAT) assays, es-
sentially as described previously (Salles et al., 1999). Briefly, 5 l of
total RNA (from five oocytes or eggs injected with 450 pg of each
mRNA construct) was mixed with 2 l of p(dT)16 (10 ng/l), heated
at 65°C for 5 min, incubated with 13 l of a buffer containing
reagents (such as dNTPs and T4 DNA ligase) at 42°C for 30 min,
incubated further with 1 l of oligo(dT)12 anchor (5-GCGAGC-
TCCGCGGCCGCGTTTTTTTTTTTT-3) at 16°C for 2 h and then
with 33 l of the Ready-To-Go Kit (Amersham) at 42°C for 2 h. Five
microliters of the mixture was then subjected to PCR in 50 l of a
reaction mixture containing a gst-tag primer (5-CTCTCAAAG-
TTGATTTTCTTAGCAAGC-3) and an anchor (5-ATGCATGC-
GAGCTCCGCGGCCGCG-3) by 30 cycles of 1 min at 95°C, 1
min at 58°C, and 1 min at 72°C. PCR products were analyzed by
15% PAGE and visualized by staining with ethidium bromide.
Antibodies and Western Blot Analysis
Anti-Xenopus Mos antibody was described (Watanabe et al., 1991).
Routinely, proteins equivalent to one oocyte or egg were subjected to
Western blot analysis with 1 g/ml anti-Xenopus Mos antibody; the
secondary antibody, donkey anti-rabbit IgG antibody (1:1000; Amer-
sham), was detected by using the ECL system (Amersham).
RESULTS
Requirement for the 3UTR, but Not the 5UTR,
in Translational Arrest of Mos mRNA
So far, in Xenopus, translational initiation and arrest of
many maternal mRNAs have been assessed indirectly by
their states of adenylation either in vivo or in vitro (see
Richter, 1999). To determine a cis element(s) that is re-
quired for translational arrest of Mos mRNA upon fertili-
zation, we undertook the task of directly monitoring trans-
lation of various Mos mRNA constructs during oocyte
maturation and after fertilization. For this, we initially
developed a system in which translation of ectopic (wild-
type) Mos mRNA would faithfully mimic that of endoge-
nous (maternal) Mos mRNA. We constructed wild-type
Mos mRNA having both normal 5 and 3UTRs (but with
four Myc tags to discriminate by size its protein product
from endogenous Mos protein) [Fig. 1A, Mos-WT(Myc)],
microinjected it in a small amount (450 pg) into immature
oocytes, treated the oocytes with progesterone to induce
maturation, and finally treated the mature oocytes (4 h after
germinal vesicle breakdown, GVBD) with calcium iono-
phore to cause egg activation (which mimics fertilization).
The oocytes or eggs at various stages were then subjected to
Western blot analysis by using anti-Mos antibody. Ectopic
Mos protein was synthesized in response to progesterone,
accumulated during oocyte maturation, degraded about 30
min after egg activation, and then not detected for at least
4 h (Fig. 1B, exo). (During these periods, the injected mRNA
was present stably at constant levels; not shown, but see
Fig. 5.) This expression pattern of ectopic Mos was essen-
tially the same as that of endogenous Mos (Fig. 1B, endo),
showing the validity of the present system to analyze a cis
element(s) responsible for translational arrest of Mos
mRNA after fertilization.
First, we determined which of the untranslated regions,
5UTR or 3UTR, of Mos mRNA was required for its
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translational arrest upon egg activation. For this, we con-
structed Mos mRNAs in which either the short (60-nt)
5UTR was replaced by that of globin mRNA (Mos-
gb5UTR) or the long (2000-nt) 3UTR was mostly re-
moved but for a CPE and a poly(A) signal (Mos-3UTR)
(Fig. 1A). Mos-gb5UTR mRNA directed the synthesis of
Mos normally or during oocyte maturation but not after egg
activation (Fig. 1C, top). In contrast, Mos-3UTR mRNA
directed Mos synthesis not only during oocyte maturation
but also after egg activation: 1.5–2 h after degradation upon
egg activation, Mos protein was detected again and then
progressively increased in size and amount (presumably due
to phosphorylation and stabilization as a result of Mos-
induced metaphase arrest; see Sagata et al., 1989) (Fig. 1C,
bottom). Thus, these results show clearly that the 3UTR,
but not the 5UTR, is required for translational arrest of
Mos mRNA after egg activation.
Requirement for an EDEN in Translational Arrest
of Mos mRNA
To identify a 3UTR cis-acting element(s) that is required
for translational arrest of Mos mRNA, first we constructed
two Mos mRNA mutants in which either the 5 half
FIG. 1. Requirement for the 3UTR, but not the 5UTR, in translational arrest of Mos mRNA. (A) A schematic diagram of cDNA
constructs used (for RNA preparation) in this experiment. Each of the constructs was cut singly at the XbaI site (located just downstream
of the polyadenylataion signal) and in vitro transcribed by using T7 RNA polymerase. Mos, Mos-coding region; Myc, four Myc tags; gb,
globin. (B, C) Translation of Mos-WT(Myc) mRNA (B) and Mos-gb5UTR or Mos-3UTR mRNAs (C) during oocyte maturation and after
egg activation. Oocytes injected with 450 pg of mRNA were immediately treated with progesterone (at the time PG indicated), further
treated with calcium ionophore 4 h after germinal vesicle breakdown (GVBD) (or at the time 0 indicated), and analyzed by Western blotting
using anti-Mos antibody at the indicated times. GVBD occurred about 3 h after progesterone treatment of the oocytes. endo, endogenous
Mos protein; exo, ectopically expressed Mos protein.
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(termed R1) or the 3 half (R2) of the 3UTR was deleted (Fig.
2A) and tested for the translatability of the respective
mRNAs (R1 and R2) after egg activation. While R2
mRNA was translationally arrested normally after egg
activation, R1 mRNA was translationally active (Fig. 2B),
indicating that the 5 half of the 3UTR (nt positions
43–1031 after the stop codon) was required for translational
arrest of Mos mRNA. Further analysis of partial deletions in
the 5 half (or R1) of the 3UTR revealed that a central
150-nt region (R5, nt positions 618–763; Fig. 2A) was
required for the translational arrest (Fig. 2B). Very interest-
ingly, inspection of the nt sequence of R5 revealed that an
EDEN, a 36-nt deadenylation element previously identified
in Mos mRNA (Paillard et al., 1998), fell on the central
portion of R5 (see Fig. 2A). As expected, this EDEN portion
in R5 was required for the translational arrest (data not
shown). Thus, these analyses disclosed, independently of the
previous work (Paillard et al., 1998), that the EDEN is required
for translational arrest of Mos mRNA after egg activation.
Requirement for AUUUA Motifs in Translational
Arrest of Mos mRNA
Interestingly, the above analysis also showed that, be-
sides the EDEN-containing 150-nt region (R5), two other
regions R4 and R6 (surrounding R5; Fig. 2A) were required
for translational arrest of Mos mRNA, although R4 seemed
to be somewhat more important than R6 (Fig. 2B). We
suspected that R4 and R6 might have some common
cis-acting element(s) that functions for translational repres-
sion. One possible candidate for such cis-acting elements is
a 50- to 150-nt A/U-rich element (called ARE), which is
typically found in the 3UTRs of many labile mammalian
mRNAs and often contains multiple overlapping AUUUA
motifs (see Chen and Shyu, 1995). Inspection of the se-
quences of R4 and R6 regions did not reveal such an
A/U-rich sequence (containing multiple AUUUA motifs) in
either region, but did reveal a single AUUUA motif (within
a non-A/U-rich sequence) in both regions (see Fig. 3A).
Further inspection of the entire 3UTR revealed three more
AUUUA motifs, one located in R3 and the other two in R2
(see Fig. 3A), as previously noted (Sagata et al., 1988). As
already shown in Fig. 2B, neither R2 nor R3 was required for
translational arrest of Mos mRNA. Nevertheless, we intro-
duced a UU3GG (AGGUA) mutation individually into all
the five AUUUA motifs (termed A1 to A5 from the 5 end;
Fig. 3A) and tested for the translatability of the respective
mRNA mutants (M1 to M5) after egg activation. Intrigu-
ingly, two mRNAs were translationally active even after
egg activation (Fig. 3B): they were those (M2 and M3)
FIG. 2. Translation of partial 3UTR deletion mutants of Mos mRNA. (A) A schematic diagram of the deleted regions (R1 to R7) of the
Mos3UTR. Nt numbers (in parentheses) start just after the stop codon; the EDEN is located at nt positions 668–703. (B) Translation of WT
and R1 to R7 mRNAs during oocyte maturation and after egg activation. Both ectopic and endogenous Mos proteins were detected as
described in Fig. 1B, and ectopic Mos proteins synthesized after egg activation are indicated by the arrowhead. GV2 h, 2 h after GVBD.
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harboring a mutation in A2 and A3, respectively, which
were located in R4 and R6 regions, respectively (Fig. 3A).
Thus, the two AUUUA motifs, though located solitarily in
a non-A/U-rich region of R4 and R6, were required for
translational arrest of Mos mRNA after egg activation.
These results, together with the above results (Fig. 2B),
strongly indicate that both the EDEN and the two AUUUA
motifs (which are located 170 nt far 5 and 3, respec-
tively, from the EDEN) are essential for translational arrest
of Mos mRNA.
Interestingly, Eg2 mRNA, which also contains an EDEN
sequence within the 3UTR and is translationally arrested
after fertilization of Xenopus eggs (Bouvet et al., 1994;
Paillard et al., 1998), harbors a single AUUUA motif 100 nt
5 to the EDEN (see Bouvet et al., 1994). Therefore, we also
asked whether the single AUUUA motif would be required
for translational arrest of Eg2 mRNA. As expected, a Mos
chimeric mRNA bearing the normal Eg2 3UTR was trans-
lationally arrested after egg activation [Fig. 3C, Mos-
Eg23UTR(AU)]. In contrast, a variant Mos-Eg23UTR
mRNA in which the single AUUUA motif was mutated to
AGGUA was translated significantly even after egg activa-
tion [Fig. 3C, Mos- Eg23UTR (AG)]. (These results were
reproducible in three other independent experiments.)
Thus, the AUUUA motif in the Eg2 3UTR, although
located singly and relatively far from the EDEN (see Fig.
3C), was required for translational arrest of Eg2 mRNA.
These results suggest strongly that the requirement for
the AUUUA motif in translational arrest of an EDEN-
containing maternal mRNA is not confined to Mos mRNA.
Sufficiency for the EDEN plus AUUUA Motifs, but
Not for Either Alone, in Translational Arrest
Given its ability to direct deadenylation of chimeric
mRNAs in Xenopus embryos (Paillard et al., 1998), the
EDEN could be sufficient for translational arrest of Mos (as
well as Eg) mRNA upon fertilization. As shown above,
however, translational arrest of Mos (as well as Eg2) mRNA
did require both the EDEN and the AUUUA motifs (Figs. 2
and 3), raising a question about the above possibility.
Therefore, we tested directly whether the EDEN alone
FIG. 3. Effect of AUUUA motif mutations on translational arrest of Mos mRNA. (A) A schematic diagram showing the positions (of the
first adenine residues) of five AUUUA motifs (A1 to A5) in the Mos3UTR. The presence of five AUUUA motifs in the Mos3UTR was
previously noted (Sagata et al., 1988). (B) Translation of AUUUA3AGGUA mutants of Mos mRNA after egg activation. M1 to M5
correspond to mutants of A1 to A5, respectively. Mos proteins synthesized after egg activation are indicated by the arrowhead. (C)
Translation of Mos-Eg23UTR chimeric mRNAs having either a normal AUUUA motif (AU) or a mutated AUUUA motif (AG). In the Eg2
3UTR, a single AUUUA motif is present 100 nt 5 to the EDEN (top).
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could be sufficient for translational arrest of Mos mRNA.
For this, we constructed a Mos mRNA in which the 3UTR
consisted only of the EDEN-containing 150-nt region (R5,
hereafter called EDEN-R) [as well as a CPE and a poly(A)
signal, like normal Mos mRNA] (Fig. 4A). Very interest-
ingly, this mRNA was translated considerably even after
egg activation (Fig. 4B, EDEN), indicating that the EDEN
alone was not sufficient for translational arrest of Mos
mRNA (carrying the CPE). (This would imply that the
EDEN alone cannot functionally override the polyadenyla-
tion element CPE.) Next, we tested whether the AUUUA
motifs alone could direct translational arrest. In this case,
to enhance the possible effect of the AUUUA motif, we
placed five tandem nonoverlapping AUUUA repeats (with
6-nt spacers that were derived from the sequences sur-
rounding the five AUUUA motifs in the natural Mos3UTR;
see Materials and Methods) in the 3UTR (Fig. 4A). This
mRNA was translated after egg activation even more effi-
ciently than the mRNA containing the EDEN-R alone (Fig.
4B, AUUUA). Then we placed the AUUUA repeats imme-
diately 5 to the EDEN-R. Somewhat surprisingly, even this
mRNA was translationally active after egg activation (Fig.
4B, AUUUA-EDEN). Significantly, when the AUUUA re-
peats were placed 3 to the EDEN-R, however, the mRNA
was translationally arrested (Fig. 4B, EDEN-AUUUA).
Thus, apparently, the EDEN alone could not direct transla-
tional arrest of Mos mRNA efficiently, but the presence of
the AUUUA motifs 3 but not 5 to the EDEN could do so.
These results suggest that the EDEN, only together with
AUUUA motifs, can direct translational arrest of Mos
mRNA, and that the AUUUA motifs have a posi-
tional effect on the activity of the EDEN (as was likely the
case with the AUUUA motifs in the natural Mos3UTR;
Fig. 3).
Enhancement of EDEN-Directed Deadenylation
by AUUUA Motifs
The above results indicated that the EDEN alone is not
sufficient for translational arrest of Mos mRNA. This
would raise the question of whether the EDEN alone can
direct deadenylation of Mos mRNA strongly enough to
cause translational arrest. To settle this question, first we
examined the requirement for the EDEN or the AUUUA
motifs in deadenylation of Mos mRNA during oocyte
maturation and after egg activation, by measuring the
length of poly(A) tails of relevant Mos mRNA mutants by a
PCR-based method (see Fig. 5A). Wild-type Mos mRNA
(with a normal 3UTR) was adenylated shortly after proges-
terone treatment of oocytes or during GVBD, deadenylated
progressively from 2 h after GVBD, and then deadenylated
nearly fully by 2 h after egg activation (Fig. 5B). [Thus,
somewhat surprisingly, but consistent with a previous
report (Sheets et al., 1994), deadenylation of Mos mRNA
began late during oocyte maturation and occurred maxi-
mally only after egg activation.] Mos mRNA lacking the
EDEN-R alone (R5; see Fig. 2B) was also adenylated during
GVBD, but was barely deadenylated thereafter (Fig. 5B),
indicating that the EDEN was certainly required for dead-
enylation. Mos mRNA in which all five AUUUA motifs
were mutated to AGGUA (M12345) was appreciably dead-
enylated after GVBD but much less efficiently than wild-
type Mos mRNA. Finally, Mos mRNA lacking both the
EDEN-R and the AUUUA motifs (R5/M12345) was adeny-
lated to a significantly greater extent than the other mR-
NAs during GVBD and did remain so even after GVBD.
Thus, apparently, the EDEN was required for deadenylation
of Mos mRNA, but the AUUUA motifs were required for
more efficient deadenylation.
We then tested how efficiently the EDEN or the AUUUA
motifs alone could direct deadenylation of Mos mRNA.
Mos mRNA having the EDEN-R alone (and a CPE) in the
3UTR (see Fig. 4, EDEN) was first adenylated during GVBD
and then deadenylated considerably after GVBD and egg
activation (Fig. 5C), consistent with the EDEN being ca-
FIG. 4. Effect of the EDEN or AUUUA motifs on translational
arrest of Mos mRNA. (A) A schematic diagram of Mos mRNA
constructs having the EDEN-R alone or AUUUA motifs alone or
both in the 3UTR. The EDEN-R or AUUUA repeats or both are
placed between the Myc tag and the CPE in Mos-3UTR. For the
detailed sequence of (N3AUUUAN3)5, see Materials and Methods.
(B) Translation of the various Mos mRNA constructs. Note that
only the EDEN-AUUUA mRNA shows a significant translational
arrest after egg activation.
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pable of directing deadenylation (Paillard et al., 1998). In
contrast, Mos mRNA having the five tandem nonoverlap-
ping AUUUA repeats alone in the 3UTR (see Fig. 4,
AUUUA), though adenylated during GVBD, was barely
deadenylated after GVBD, indicating that AUUUA motifs
themselves had little, if any, deadenylation activity. Impor-
tantly, when the AUUUA repeats were placed 3 but not 5
to the EDEN (see Fig. 4, EDEN-AUUUA), however, the
mRNA was deadenylated after GVBD significantly more
efficiently than the mRNA having the EDEN-R alone (Fig.
5C). [Thus, clearly, the adenylation states of the various
Mos mRNA constructs paralleled well their translatabili-
ties after egg activation (cf. Fig. 4B).] These results show
that the EDEN can direct deadenylation, but this deadeny-
lation is partial in the absence of the AUUUA motifs (3 to
the EDEN). Thus, these results, together with the above
results (Fig. 5B), suggest that (appropriately positioned)
AUUUA motifs act to enhance EDEN-directed deadenyla-
tion, probably explaining why the EDEN (alone) was insuf-
ficient for translational arrest of Mos mRNA after egg
activation (Figs. 3 and 4B).
Release from Translational Arrest by an Excess
of the EDEN but Not of the AUUUA Motif
Finally, we wished to determine whether the function of
the EDEN or the AUUUA motif in translational arrest of
Mos mRNA was mediated by any trans-acting factor(s) that
could bind the EDEN or the AUUUA motif. For this, we
injected oocytes with an excess (30 ng/oocyte) of 5-
capped, polyadenylated RNAs having either the EDEN-R
alone or the five tandem nonoverlapping AUUUA repeats
alone (both surrounded by vector-derived sequences; Fig.
6A), and monitored the levels of endogenous Mos protein
during oocyte maturation and after egg activation. (In this
experiment, we expected that the excess RNAs would
compete for the trans-acting factors (if any) with endoge-
nous Mos mRNA, thereby restoring endogenous Mos trans-
lation after egg activation.) In the presence of an excess of
EDEN-containing RNAs, endogenous Mos protein was syn-
thesized normally during oocyte maturation, but notably,
was also synthesized considerably even after egg activation;
in the presence of control RNA (having only vector-derived
sequences), no Mos protein synthesis occurred after egg
activation (Fig. 6B). Thus, the presence of an excess of the
EDEN was able to specifically restore translation of endog-
enous Mos mRNA. In contrast, somewhat surprisingly,
however, the presence of an excess of AUUUA motifs could
not appreciably restore translation of Mos mRNA (Fig. 6B).
FIG. 5. Adenylation/deadenylation states of various Mos mRNA
contructs. (A) A schematic diagram for determining the length of
poly(A) tails of various Mos mRNA constructs. All the 3UTRs of
the constructs used here contained a gst-tag just upstream of the
CPE, and the length of poly(A) tails was estimated by PCR-based
LM-PAT assays [between the gst-tag and the 3end of the poly(A)
tail] as described in Materials and Methods. (B, C) Changes in the
poly(A) length, during oocyte maturation and after egg activation,
of various Mos mRNA constructs, which are gst-tag-containing
derivatives of such constructs as those used in Figs. 1–3 (for WT,
R5, and M12345) and Fig. 4 (for EDEN, AUUUA, AUUUA-EDEN,
and EDEN-AUUUA). In (A), the size of PCR products except for the
poly(A) portion was 112 nt; in (B), therefore, the positions of the
size markers (194 and 118 nt) corresponded to 82 and 6 nt,
respectively, in terms of the poly(A) size. In (B) and (C), the most
extensively deadenylated products (which are banded) are indicated
by the arrowhead, and the partially deadenylated products (which
are smeared) are indicated by the larger or smaller brackets depend-
ing on the degree of adenylation.
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We observed that the excess of the EDEN, but not the
AUUUA motifs, was also able to restore translation of
ectopic Mos mRNA (data not shown). Thus, these results
suggest that at least the EDEN binds some titratable trans-
acting factor(s) that is crucial for translational arrest of Mos
mRNA after fertilization.
DISCUSSION
So far, in Xenopus, translation of many maternal mRNAs
has been assessed indirectly by their states of adenylation
either in vivo or in vitro (see Richter, 1999). To determine a
cis-acting element(s) that functions for translational arrest
of Mos mRNA upon fertilization, we developed a system in
which translation of ectopic Mos mRNA faithfully repro-
duces that of endogenous Mos mRNA, and directly moni-
tored translation of various Mos mRNA constructs during
oocyte maturation and after egg activation (or fertilization).
Our results show that both the previously identified EDEN
sequence (Paillard et al., 1998) and two newly identified
AUUUA motifs within the 3UTR are essential for transla-
tional arrest of Mos mRNA, and suggest that the AUUUA
motifs, though located solitarily and far from the EDEN,
play an important role in enhancing EDEN-directed dead-
enylation of Mos mRNA.
Requirement but Not Sufficiency for the EDEN
in Translational Arrest
Given its ability to direct deadenylation of Eg and Mos
mRNAs in Xenopus embryos (Paillard et al., 1998), the
EDEN sequence could be sufficient for translational arrest
of the mRNAs after fertilization. By analyzing a series of
partial deletion mutants of the long (2000 nt) Mos3UTR,
we indeed showed that the EDEN-containing 150-nt region
(EDEN-R) is required for translational arrest of Mos mRNA
after egg activation (Fig. 2B). Importantly, however, Mos
mRNA bearing the EDEN-R alone [and a CPE and a poly(A)
signal] within the 3UTR was translationally active even
after egg activation (Fig. 4B). Further analyses showed that
the EDEN-R was required for deadenylation of Mos mRNA
(Fig. 5B), but notably, that the EDEN-R alone was able to
direct only partial deadenylation of Mos mRNA (Fig. 5C).
Thus, most likely, the EDEN (alone) was insufficient for
translational arrest of Mos mRNA probably because it
could not fully deadenylate the mRNA. This could have
been due, at least in part, to the presence of a natural CPE
in the 3UTR of the mRNAs used. However, we found that,
besides the EDEN, another element (i.e., the AUUUA
motif) is required for efficient deadenylation and transla-
tional arrest of Mos mRNA, as discussed below in detail.
Requirement for the AUUUA Motifs in Efficient
Deadenylation and Translational Arrest
Analysis of a series of Mos3UTR partial deletion mu-
tants also revealed that two other regions, besides the
EDEN-R, are required for translational arrest of Mos mRNA
after egg activation (Fig. 2B). These two regions surrounded
the EDEN-R and harbored, respectively, a single AUUUA
motif, and either motif, located 170 nt 5 or 3 to the
EDEN, was required for translational arrest of Mos mRNA;
three other AUUUA motifs, located much farther 5 or 3 to
the EDEN, were not essential (Figs. 3A and 3B). Thus,
besides the EDEN, two appropriately positioned AUUUA
motifs were a requirement for translational arrest of Mos
mRNA.
Like the EDEN, the AUUUA motifs (in the form of five
tandem repeats with 6-nt spacings) alone were not suffi-
cient for translational arrest (Fig. 4B). Moreover, but unlike
the EDEN in this case, the AUUUA motifs alone could not
appreciably direct deadenylation of mRNA (Fig. 5C), al-
though the two AUUUA motifs in the natural Mos3UTR
were required for efficient deadenylation of Mos mRNA
(Fig. 5B). Very interestingly, when placed immediately 3
but not 5 to the EDEN-R, however, the AUUUA motifs
were able to enhance EDEN-directed deadenylation of Mos
mRNA (Fig. 5C) and, strikingly, could even cause transla-
tional arrest of it after egg activation (Fig. 4B). Thus,
although the exact number and position of the AUUUA
FIG. 6. Restoration of endogenous Mos mRNA translation by an
excess of the EDEN but not AUUUA motifs. (A) A schematic
diagram of competitor RNAs. The EDEN-R alone or the AUUUA
repeats alone (described in Fig. 4) were placed between the 100-nt
globin 5UTR and the 280-nt 3UTR in the pT7G(UKII) vector;
the in vitro transcribed RNAs had both a 5-cap and a poly(A) tail.
(B) Thirty nanograms of the competitor RNAs were injected into
oocytes, and the synthesis of endogenous Mos protein was moni-
tored during oocyte maturation and after egg activation. The open
arrowhead indicates endogenous Mos protein that was synthesized
after egg activation.
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motifs in the mRNA constructs used were different from
those in the natural Mos mRNA, the results obtained
would suggest that appropriately positioned AUUUA mo-
tifs (such as the two AUUUA motifs in the Mos3UTR) act
to enhance EDEN-directed deadenylation and hence cause
translational arrest of mRNA. In this context, it is interest-
ing to note that even three tandem AUU trinucleotide
repeats placed 3 to either the Mos EDEN or a synthethic
EDEN can enhance EDEN-directed deadenylation of a re-
porter mRNA in Xenopus embryos (Audic et al., 1998).
Members of the Eg family of maternal mRNAs are also
translationally arrested after fertilization of Xenopus eggs,
and some of them contain an EDEN in their 3UTRs (Paris
and Philippe, 1990; Bouvet et al., 1994; Paillard et al., 1998).
A very recent study shows that CAT or lacZ reporter
mRNAs having the Eg2 3UTR (containing a natural EDEN)
or the Eg5 3UTR (containing a synthetic EDEN), but not
those deleted for the respective EDENs, can be translation-
ally repressed in fertilized Xenopus eggs or in Drosophila
oocytes, suggesting that the EDEN is sufficient for transla-
tional repression of mRNA (Ezzeddine et al., 2002). How-
ever, both the Eg2 and Eg5 3UTRs used in this study retain
a single natural AUUUA motif 100 nt 5 and 60 nt 3 to
the natural and synthetic EDENs, respectively (see Le
Guellec et al., 1991; Bouvet et al., 1994), and our results do
show that the single AUUUA motif within the Eg2 3UTR
is required for translational arrest of a Mos chimeric mRNA
in our experimental system (Fig. 3C). Therefore, it is very
likely that even the Eg2 mRNA requires both the EDEN
and the AUUUA motif for its efficient deadenylation and
translational arrest after fertilization. Together, it seems
that the EDEN, only together with the AUUUA motif(s),
can direct efficient deadenylation and, hence, translational
arrest of (EDEN-containing) maternal mRNAs after fertili-
zation.
A Relationship between the EDEN/AUUUA
Elements and A/U-Rich Destabilizing Elements
In mammalian cells, A/U-rich elements (AREs) present in
the 3UTRs of many labile mRNAs direct accelerated
deadenylation as the first step in mRNA turnover and then
decay of the mRNA body (for reviews, see Chen and Shyu,
1995; Jacobson and Peltz, 1996). Based mainly on their
sequence features, AREs, usually ranging from 50 to 150 nt
in size, have been divided into three different classes (Chen
and Shyu, 1995). Class I ARE, mostly found in mRNAs
encoding transcription factors such as c-fos, contains a few
copies of dispersed AUUUA motifs coupled with nearby
U-rich sequences (Chen and Shyu, 1994); class II ARE
contains multiple overlapping AUUUA motifs clustering 3
to an A/U-rich region and is found in mRNAs encoding
cytokines such as GM-CSF (Xu et al., 1997); class III ARE,
also called non-AUUUA ARE, normally does not bear the
AUUUA motif and is found in mRNAs such as c-jun
mRNA (Peng et al., 1996). In these AREs, most of the
regions (including the AUUUA motifs, the overlapping
AUUUA repeats, and the other A/U- or U-rich sequences)
appear to be important, more or less, for efficient deadeny-
lation and decay of the mRNAs (see Zubiaga et al., 1995; Xu
et al., 1997). The EDEN/AUUUA elements shown here to
be involved in deadenylation of Mos mRNA (as well as Eg2
mRNA) appear to be distinct from any of the three classes of
AREs, because the EDEN consists of U(G/A) dinucleotide
repeats (Paillard et al., 1998) and the single or two AUUUA
motifs are located solitarily in a non-A/U-rich region,
relatively far 5 or 3 from the EDEN (Fig. 2A; Bouvet et al.,
1994). [The EDEN/AUUUA elements, however, may also
be involved in decay of Mos mRNA, although this cannot
be seen until the late blastula stage (Sagata et al., 1988)
probably because of the uncoupling between deadenylation
and decay of mRNAs in early Xenopus embryos (Voeltz and
Steitz, 1998).] However, a recent study shows that the c-jun
ARE, normally classified as non-AUUUA class III, contains
EDEN-like U(G/A) repeats and can bind an EDEN-specific
trans-acting factor EDEN-BP (Paillard et al., 2002); a previ-
ous study showed that the longest c-jun mRNA has three
dispersed AUUUA motifs far 3 to the EDEN-like sequence
(Hattori et al., 1988). The junB ARE also seems to contain
a typical EDEN-like sequence and at least one AUUUA
motif (see Chen and Shyu, 1994). Moreover, even the
(Xenopus) c-myc II ARE, which is considered class I, has an
EDEN-like sequence 220 nt 5 to one functional AUUUA
motif (see Vriz et al., 1989; Voeltz and Steitz, 1998).
Therefore, the EDEN/AUUUA elements may not be re-
stricted merely to mRNAs functioning in early develop-
ment, but may rather be fairly common to labile mRNAs,
particularly those bearing a class III ARE.
A Possible Mechanism of Efficient Deadenylation
by the EDEN/AUUUA Elements
The deadenylation activity of the EDEN has been shown
to be mediated by the trans-acting factor EDEN-BP (Paillard
et al., 1998). Consistent with this, introduction of an excess
of the EDEN-R into eggs was able to restore translation of
endogenous Mos mRNA (as well as ectopic Mos and Eg2
mRNAs; our unpublished data) after egg activation (Fig. 6B),
most likely by titrating EDEN-BP. In contrast, an excess of
AUUUA motifs (in the form of five tandem repeats with
6-nt spacings) was unable to restore translation of endoge-
nous (as well as ectopic; data not shown) Mos mRNA (Fig.
6B). This was unlikely to be due, however, to the amount of
AUUUA motifs (introduced into eggs), which we could
estimate to be at least 10- and 400-fold greater than those in
the total endogenous mRNAs and ectopic Mos mRNA,
respectively. Therefore, at least the AUUUA motif itself
might not directly interact with trans-acting factors. In the
case of class I and II AREs, numerous proteins have been
shown to bind to the U-rich sequence or the A/U-rich
sequence containing multiple overlapping AUUUA motifs
either in vitro or in vivo (e.g., Brewer, 1991; Levine et al.,
1993; Ma et al., 1996; Lai and Blackshear, 2001), and some
of the proteins are known to act positively or negatively on
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the ARE’s function (Fan and Steitz, 1998; Loflin et al., 1999).
Notably, however, neither the (nonoverlapping) AUUUA
repeats used in our study (see Materials and Methods for the
detailed sequence) nor the single or two AUUUA motifs in
the natural Eg2 or Mos3UTRs (see Sagata et al., 1988;
Bouvet et al., 1994) were within A/U- or U-rich sequences
(yet all of them apparently affected EDEN-directed dead-
enylation). Therefore, those AUUUA motifs that are lo-
cated solitarily in a non-A/U-rich sequence and function
with the EDEN might not interact directly with the pro-
teins that bind to the AREs, and might act in a significantly
different way than the AUUUA repeats embedded in the
AREs. However, it would be possible that the AUUUA
motif(s), in conjunction with the EDEN (and also possibly
EDEN-BP), interacts with some proteins including the
ARE-binding proteins.
Apart from the issue of interacting proteins, how might
the AUUUA motif(s) act to enhance EDEN-directed dead-
enylation of mRNA? In our study, the AUUUA motifs
alone could not appreciably direct deadenylation of Mos
mRNA, but the EDEN alone was able to direct deadenyla-
tion partially, and placing the AUUUA motifs 3 to the
EDEN resulted in the accumulation of stable deadenylated
mRNA (Fig. 5). Therefore, it seems possible that initially
the EDEN functions to shorten the poly(A) tail to some
extent and then the AUUUA motif functions for further
shortening of it, perhaps by stimulating the deadenylase or
some exonuclease. Alternatively, the EDEN might function
to shorten the poly(A) tail sufficiently, but the AUUUA
motif might be required to maintain the stortened poly(A)
tail, perhaps by protecting it from the action of the adeny-
lase. In any case, however, proper steric positioning of the
AUUUA motif(s) relative to the EDEN might be important
for efficient deadenylation, as the AUUUA motif seemed to
have a positional effect on the EDEN (Figs. 3 and 5).
In summary, we showed here that both the EDEN and the
distantly located AUUUA motif(s) are required for efficient
deadenylation and translational arrest of Mos and Eg2
mRNAs after activation (or fertilization) of Xenopus eggs.
This is the first study to demonstrate that even a single
AUUUA motif that is located solitarily in a non-A/U-rich
region plays an important role in deadenylation and trans-
lational arrest of a natural mRNA. The AUUUA motif
seems to act to enhance EDEN-directed deadenylation in a
position-dependent manner. The EDEN/AUUUA elements
may be fairly common to labile mRNAs.
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